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Summary 
 
 
32 sediment samples recovered in April 2008 from active and relict dunes, and 
sabkhas/playas, in Saudi Arabia, were investigated using Optically Stimulated 
Luminescence (OSL) methods. This work follows an earlier investigation of similar 
sites over a larger area. The results of the current investigations are reported here. 
 
The sabkha and shoreline samples show ages ranging from very modern (with no 
measurable OSL signal) to 7.6ka, indicating that this study area appears to have some 
sabkhas significantly younger than those observed in the earlier work.  
 
One petrified dune sampled in this work produced an OSL date of 830±210 years, 
which is consistent with the age ranges of the petrified dunes sampled in the earlier 
work. Another showed very modern (with no measurable OSL signal) for the 
indurated sand at the top and an age of 200±150 years for the sand at the back of the 
dune; another sample taken nearby had an OSL age of 720±180 years. This dune 
appears to be much younger than the petrified dunes sampled in the previous study. 
 
Samples from low-rolling dunes in this study have ages between very modern and 580 
years. A barchan dune sample had an age of 60±30 years, similar to ages for barchan 
dunes sampled in the earlier work. Samples from a low hill had ages of 2.5±0.3 and 
5.7±0.5 ka. A buried dune was sampled, producing no measurable natural OSL signal. 
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1. Introduction 
 
This report is concerned with optically-stimulated luminescence (OSL) investigations 
of sediment samples recovered from active and relict dunes, and sabkhas/playas, in 
Saudi Arabia, c. 26°N 49°E to c. 25°N 50°E. Samples were taken by the client in 
April 2008. This work follows OSL investigations of 36 samples collected in the 
summer of 2006 from a larger area of Saudi Arabia (Burbidge et al 2007). 
 
 
2. Sampling 
 
Sampling was undertaken in April 2008 by the client, Stephen Franks. Samples were 
taken from the locations shown in Figure 2.1. Figure 2.2 shows these sampling sites 
along with the sites from the earlier work (Burbidge et al 2007). Sampling details, 
including the names assigned to each tube and bulk sample in the field, and the 
laboratory (SUTL) numbers assigned to each upon arrival at the SUERC 
luminescence dating laboratories, are summarised in Table 2.1. Photographs of the 
sampling sites are shown in Appendix A. 
 
 
 1
Fi
gu
re
 2
.1
. M
ap
 sh
ow
in
g 
sa
m
pl
in
g 
lo
ca
tio
ns
 fo
r 
th
is 
w
or
k,
 w
ith
 S
U
TL
 n
um
be
rs
 
 
2
Fi
gu
re
 2
.2
. M
ap
 sh
ow
in
g 
th
e 
sa
m
pl
in
g 
lo
ca
tio
ns
, w
ith
 S
U
T
L
 n
um
be
rs
, f
or
 th
is
 a
nd
 th
e 
pr
ev
io
us
 w
or
k 
 
3
T
ab
le
 2
.1
. S
am
pl
e 
lo
ca
tio
ns
, d
es
cr
ip
tio
ns
, a
nd
 S
U
E
R
C
 la
bo
ra
to
ry
 n
um
be
rs
 
Sa
m
pl
e 
N
um
be
r 
Si
te
 
SU
ER
C
 
 
 
 
Fi
el
d
C
oo
rd
in
at
es
D
es
cr
ip
tio
n
Sa
m
pl
e 
D
es
cr
ip
tio
n 
D
ep
th
 
(c
m
) 
SU
TL
22
37
 
 
O
SL
-2
1
C
ro
ss
-b
ed
de
d 
sa
nd
 ju
st
 b
el
ow
 b
io
tu
rb
at
io
n 
su
rf
ac
e 
9 
SU
TL
22
38
 
 
O
SL
-2
2
Fr
om
 th
e 
yo
un
ge
st
 sa
nd
 a
t t
op
 o
f t
he
 c
ro
ss
-b
ed
, 7
m
 S
E 
fr
om
 O
SL
-2
3 
10
0 
SU
TL
22
39
 
 
O
SL
-2
3
26
°0
4.
14
1N
  
49
°5
3.
09
8E
 
Ex
ca
va
tio
n 
in
 a
re
a 
of
 lo
w
 ro
lli
ng
 d
un
es
 
0 
- 1
.0
 m
 c
ro
ss
-b
ed
de
d 
du
ne
 sa
nd
 w
ith
 b
io
tu
rb
at
ed
 to
p,
 d
ip
 1
8°
 to
w
ar
ds
 1
44
°  
1.
0 
- 3
.5
 m
 c
ro
ss
-b
ed
de
d 
du
ne
 sa
nd
, d
ip
 1
4°
 to
w
ar
ds
 1
20
-1
75
° (
es
tim
at
ed
) 
3.
5 
- 7
.5
 m
 lo
w
-a
ng
le
 ta
ng
en
tia
l c
ro
ss
-b
ed
de
d 
du
ne
 sa
nd
 
Lo
w
-a
ng
le
 ta
ng
en
tia
l c
ro
ss
-b
ed
de
d 
sa
nd
, 2
0c
m
 a
bo
ve
 b
as
e 
be
d 
73
0 
SU
TL
22
40
 
 
 
O
SL
-2
4
25
°5
2.
77
4N
50
°0
1.
16
5E
 
Sa
m
pl
e 
fr
om
 e
ar
lie
r t
rip
 n
ea
r O
SL
 2
5 
an
d 
O
SL
 2
6.
 
 
 
SU
TL
22
41
 
 
O
SL
-2
5
Fr
om
 8
0c
m
 a
bo
ve
 b
as
e 
at
 th
e 
ba
ck
 o
f t
he
 p
et
rif
ie
d 
du
ne
, w
hi
te
 sa
nd
 
12
0 
SU
TL
22
42
 
 
O
SL
-2
6
25
°5
2.
68
4N
 
50
°0
1.
38
5E
 
Pe
tri
fie
d 
du
ne
. S
ev
er
al
 ta
ng
en
tia
lly
 c
ro
ss
-b
ed
de
d 
se
ts
 w
ith
 c
irc
a 
2 
m
 se
t h
ei
gh
t 
La
rg
e 
cr
os
s-
be
ds
 n
ea
r b
ac
k,
 2
7°
 d
ip
 to
w
ar
ds
 1
45
° S
E 
an
d 
37
° d
ip
 to
w
ar
ds
 2
30
° 
SW
 (m
ea
su
re
d 
at
 to
p 
of
 c
ro
ss
-b
ed
). 
C
ro
ss
-b
ed
 a
t t
he
 fr
on
t h
as
 3
5°
 d
ip
 to
w
ar
ds
 
19
7°
 S
. T
he
 se
di
m
en
t s
ur
fa
ce
 is
 lo
os
e 
to
 c
ru
st
y 
In
du
ra
te
d 
sa
nd
 fr
om
 th
e 
to
p 
of
 d
un
e 
ne
ar
 th
e 
fr
on
t, 
ho
riz
on
ta
l 
di
st
an
ce
 b
et
w
ee
n 
O
SL
 2
5 
an
d 
O
SL
 2
6 
is
 1
0 
m
 
30
 
SU
TL
22
43
 
 
  
O
SL
-2
8
25
°5
3.
00
5N
50
°0
0.
63
9E
 
Sh
al
lo
w
 tr
en
ch
 o
n 
to
p 
of
 th
e 
ba
ck
 o
f b
ar
ch
an
 d
un
e,
 h
ig
h-
an
gl
e 
fo
re
se
ts
 d
ip
pi
ng
 
19
° t
ow
ar
ds
 1
55
°S
, w
hi
te
 sa
nd
 in
 w
hi
te
 d
un
e.
 
  
18
 
SU
TL
22
44
 
 
  
O
SL
-2
9
25
°5
7.
46
8N
49
°5
9.
65
8E
 
B
ac
k 
of
 sa
bk
ha
. T
an
ge
nt
ia
l f
or
es
et
s;
 u
pp
er
 la
m
in
ae
 d
ip
pi
ng
 3
5°
 to
w
ar
ds
 2
15
° S
, 
fla
tte
r i
nc
lin
at
io
n 
of
 lo
w
er
 la
m
in
ae
. A
nh
yd
rit
e/
gy
ps
um
 c
ru
st
 o
n 
sa
nd
 su
rf
ac
e 
Fr
om
 p
it 
~ 
2 
m
 a
bo
ve
 sa
bk
ha
 su
rf
ac
e 
20
0 
SU
TL
22
45
 
 
O
SL
-3
0
  
76
 
SU
TL
22
46
 
 
O
SL
-3
1
25
°5
7.
32
8N
  
50
°0
1.
33
3E
 
Sa
bk
ha
. T
hi
ck
 li
gh
t b
ro
w
n 
un
du
la
tin
g 
cr
us
t, 
m
ed
iu
m
 sa
nd
 w
ith
 so
m
e 
ve
ry
 fi
ne
 
gr
ai
ns
, t
op
 1
5c
m
 sa
nd
ie
r. 
cm
-th
ic
k 
cr
in
kl
y 
al
te
rn
at
io
ns
 o
f w
hi
te
 a
nd
 b
ro
w
n 
sa
nd
. 
C
ry
st
al
lin
e 
gy
ps
um
 la
ye
r a
t 3
5c
m
. B
ro
w
n 
sa
nd
 w
ith
 w
hi
tis
h 
la
ye
rs
 n
ea
r t
op
 
Ju
st
 a
bo
ve
 b
as
e 
of
 w
hi
te
 sa
nd
 
10
 
SU
TL
22
47
 
 
  
O
SL
-3
6
25
°4
8.
84
5N
50
°0
7.
09
8E
 
O
ld
 sh
or
el
in
e.
 T
re
nc
h 
du
g 
on
 th
e 
ea
st
er
n 
sl
op
e 
fo
un
d 
cr
ud
el
y 
la
ye
re
d 
sa
nd
, t
hi
ck
 
w
hi
te
 sa
nd
 la
ye
r a
t t
op
 h
as
 o
rie
nt
at
io
n 
of
 0
.5
° l
an
dw
ar
d 
– 
W
  
  
9 
SU
TL
22
48
 
 
O
SL
-3
7
D
un
e 
fo
re
se
t 
29
 
SU
TL
22
49
 
 
O
SL
-3
8
25
°4
6.
14
5N
  
50
°0
9.
55
1E
 
Sa
bk
ha
. C
ro
ss
-b
ed
de
d 
du
ne
 sa
nd
s, 
co
ns
is
tin
g 
of
 a
n 
al
te
rn
at
io
n 
of
 li
gh
t a
nd
 d
ar
k 
la
m
in
ae
 w
ith
 a
 d
ip
 o
f 3
2°
 to
w
ar
ds
 1
95
 ±
 1
0°
 S
, 1
0c
m
 o
f s
ab
kh
a 
se
di
m
en
t 
ov
er
la
y 
Sa
bk
ha
 se
di
m
en
ts
, d
ep
th
 ra
ng
es
 fr
om
 2
.5
 to
 7
.5
 c
m
 
5 
SU
TL
22
50
 
 
O
SL
-4
0
Fr
om
 h
ig
h-
an
gl
e 
sa
nd
  
73
 
SU
TL
22
51
 
 
O
SL
-4
1
Fr
om
 sl
um
pe
d 
sa
nd
 
50
 
SU
TL
22
52
 
 
O
SL
-4
2
Fr
om
 lo
w
 a
ng
le
 sa
nd
 
30
 
SU
TL
22
53
 
 
O
SL
-4
3
25
°4
6.
68
5N
  
50
°0
8.
07
5E
 
0 
- 8
 c
m
  s
ab
kh
a 
8 
- 2
1c
m
 ri
pp
le
 sa
nd
 
21
 - 
33
 c
m
 lo
w
-a
ng
le
 la
m
in
at
ed
 sa
nd
, d
ip
 1
0°
 to
w
ar
ds
 S
 
33
 - 
49
 c
m
 sl
um
pe
d 
sa
nd
 
49
 - 
89
 c
m
 h
ig
h-
an
gl
e 
cr
os
s-
be
dd
ed
 sa
nd
, d
ip
 3
0°
 to
w
ar
ds
 S
  
Fr
om
 ri
pp
le
d 
sa
nd
  
20
 
SU
TL
22
54
 
 
O
SL
-4
4
U
pp
er
 sa
bk
ha
 (j
us
t a
bo
ve
 b
as
e)
 
14
 
SU
TL
22
55
 
 
O
SL
-4
6
25
°4
6.
41
0N
  
50
°0
6.
68
1E
 
0 
- 1
3 
cm
   
sa
bk
ha
, r
ip
pl
e 
be
d 
at
 b
as
e.
 C
oa
rs
e,
 li
gh
t c
ol
ou
re
d 
sa
nd
 
13
 - 
23
 c
m
 sa
bk
ha
, f
in
el
y 
la
m
in
at
ed
 d
ar
ke
r s
an
d 
23
 - 
32
 c
m
 g
yp
su
m
 sa
nd
 
32
 - 
76
 c
m
 sa
bk
ha
 
Lo
w
er
 sa
bk
ha
 
39
 
SU
TL
22
56
 
 
O
SL
-4
7
Fr
om
 st
ro
ng
 so
ft 
se
di
m
en
t d
ef
or
m
at
io
n 
 
55
 
SU
TL
22
57
 
 
O
SL
-4
8
25
°4
6.
09
2N
  
50
°0
5.
45
0E
 
Se
di
m
en
t w
ith
 fa
irl
y 
re
gu
la
r l
am
in
at
io
n.
 A
 lo
w
er
 in
te
rv
al
 w
ith
 m
or
e 
lo
ca
lly
 
st
ro
ng
 so
ft 
se
di
m
en
t d
ef
or
m
at
io
n,
 a
nd
 a
n 
up
pe
r i
nt
er
va
l. 
Th
e 
bo
un
da
ry
 a
t 1
9 
cm
 
is
 ir
re
gu
la
r a
nd
 g
ra
du
al
 
Fr
om
 sa
bk
ha
 w
ith
 fa
irl
y 
re
gu
la
r l
am
in
at
io
n 
15
 
 
4
SU
TL
22
58
 
 
O
SL
-4
9
  
34
 
SU
TL
22
59
 
 
O
SL
-5
1
25
°5
8.
24
8N
  
50
°0
0.
92
5E
 
Sl
op
e 
of
 lo
w
 h
ill
 
0 
- 7
6 
cm
 c
ru
de
ly
 b
ed
de
d 
sa
nd
 o
ve
rla
in
 b
y 
sm
al
l-s
ca
le
 tr
ou
gh
  
76
 - 
10
3 
cm
 sa
nd
 b
ed
 w
ith
 sm
al
l s
ca
le
 tr
ou
gh
 c
ro
ss
-b
ed
di
ng
  
10
3 
- 2
37
 c
m
 la
rg
e 
sc
al
e 
cr
os
s-
be
dd
in
g 
di
pp
in
g 
to
w
ar
ds
 1
40
° S
E 
  
14
9 
SU
TL
22
60
 
 
  
O
SL
-5
3
25
°5
1.
86
3N
50
°0
5.
58
6E
 
 
Lo
w
 ro
lli
ng
 d
un
es
 o
f c
irc
a 
10
 m
 th
ic
kn
es
s d
ev
el
op
ed
 o
n 
be
d 
ro
ck
.  
0 
- 5
0 
cm
 sa
nd
 c
ov
er
in
g 
ba
se
 o
f e
xp
os
ur
e 
ab
ov
e 
be
d 
ro
ck
  
50
 - 
10
2 
cm
 m
od
er
at
el
y 
ro
ot
ed
 sa
nd
, s
ub
ho
riz
on
ta
l l
am
in
at
io
n 
 
10
2 
- 
12
4 
cm
 w
ea
kl
y 
ro
ot
ed
 s
an
d,
 s
ub
ho
riz
on
ta
l 
la
m
in
at
io
n 
an
d 
sm
al
l 
sc
al
e 
cr
os
s-
be
dd
in
g 
12
4 
- 1
45
 c
m
 lo
w
-a
ng
le
 la
m
in
at
ed
 sa
nd
 
14
5 
- 1
00
0 
cm
 a
pp
ar
en
tly
 si
ng
le
 d
un
e 
fo
re
se
t 
M
od
er
at
el
y 
ro
ot
ed
 sa
nd
 w
ith
 su
bh
or
iz
on
ta
l l
am
in
at
io
n 
at
 5
0c
m
 
ab
ov
e 
be
d 
ro
ck
 
95
0 
SU
TL
22
61
 
 
  
O
SL
-5
5
25
°4
8.
96
7N
50
°0
3.
35
3E
 
  
Ex
ca
va
tio
n 
ne
xt
 to
 n
ew
 ro
ad
 
0 
- 4
8 
cm
 h
or
iz
on
ta
lly
 la
m
in
at
ed
 sa
nd
, b
io
tu
rb
at
ed
 sa
nd
 o
ve
rla
y 
48
 -
 7
1 
cm
 s
ev
er
al
 s
et
s 
of
 l
ow
-a
ng
le
 l
am
in
at
ed
 s
an
d,
 s
ep
ar
at
ed
 b
y 
th
in
 
ho
riz
on
ta
lly
 la
m
in
at
ed
 sa
nd
 b
ed
s 
Fr
om
 u
pp
er
 lo
w
-a
ng
le
 la
m
in
at
ed
 sa
nd
 b
ed
 a
t t
op
 o
f e
xp
os
ur
e 
15
 
SU
TL
22
62
 
 
  
O
SL
-5
9
25
°4
4.
32
6N
49
°5
8.
36
5E
 
Sm
al
l 
sa
bk
ha
 i
n 
ar
ea
 o
f 
lo
w
 r
ol
lin
g 
du
ne
s. 
Sa
bk
ha
 s
ur
fa
ce
 i
s 
lit
tle
 c
ru
nc
hy
, 
do
w
n-
w
in
d 
of
 s
m
al
l b
ar
ch
an
 d
un
e.
 D
is
tin
ct
 b
ou
nd
ar
y 
at
 2
0 
cm
 d
ep
th
 s
ep
ar
at
in
g 
th
in
ly
 h
or
iz
on
ta
lly
 l
am
in
at
ed
 s
an
d 
an
d 
th
ic
ke
r 
la
m
in
at
ed
 s
an
d,
 s
ho
w
in
g 
so
m
e 
di
st
ur
ba
nc
e,
 b
el
ow
. 
  
40
 
SU
TL
22
63
 
 
  
O
SL
-6
1
25
°4
1.
10
4N
49
°5
2.
53
7E
 
 
La
rg
e 
sa
bk
ha
 w
ith
 th
ic
k 
ha
lit
e 
su
rf
ac
e 
cr
us
t 
0 
- 2
1 
cm
 d
ar
ke
r s
an
d 
21
 - 
29
 c
m
 li
gh
te
r s
an
d 
29
 - 
31
 c
m
 g
yp
su
m
 la
ye
r 
31
 - 
43
 c
m
 in
du
ra
te
d 
la
ye
r 
Fr
om
 li
gh
te
r s
an
d 
33
 
SU
TL
22
64
 
 
  
O
SL
-6
4
25
°4
1.
36
0N
49
°4
3.
64
7E
  
La
rg
e 
sa
bk
ha
 n
ea
r H
of
uf
 ri
ve
r 
0 
- 1
0 
cm
 d
ar
k 
sa
nd
 w
ith
 b
la
ck
 le
ns
 
10
 - 
25
 c
m
 g
yp
si
fe
ro
us
 sa
nd
 
25
 - 
78
 c
m
 sl
ig
ht
ly
 w
av
y 
sa
nd
  
Fr
om
 sl
ig
ht
ly
 w
av
y 
sa
nd
 
53
 
SU
TL
22
65
 
 
  
O
SL
-6
4
25
°4
1.
41
9N
49
°4
9.
96
4E
  
Sm
al
l s
ab
kh
a 
(m
ay
 h
av
e 
be
en
 d
ug
) i
n 
ar
ea
 o
f l
ow
 ro
lli
ng
 d
un
es
. 
0 
- 7
 c
m
 h
or
iz
on
ta
lly
 la
m
in
at
ed
 c
rin
kl
y 
lig
ht
 b
ro
w
n 
sa
nd
 
7 
- 1
4 
cm
 sa
nd
 w
ith
 g
re
y 
to
 d
ar
k 
br
ow
n 
an
d 
lig
ht
 b
ro
w
n 
co
lo
ur
s 
14
 - 
40
 c
m
 sa
nd
 w
ith
 b
la
ck
 fi
ll 
H
or
iz
on
ta
lly
 la
m
in
at
ed
 c
rin
kl
y 
lig
ht
 b
ro
w
n 
sa
nd
  
10
 
SU
TL
22
66
 
 
O
SL
-7
7
St
ee
pl
y 
di
pp
in
g,
 c
le
an
, c
ro
ss
be
dd
ed
 sa
nd
.  
B
ur
ie
d 
ae
ol
ia
n 
du
ne
.  
40
 
SU
TL
22
67
 
 
O
SL
-7
8
25
°4
8.
01
2N
 
49
°4
6.
79
3E
 
Sa
nd
 w
ith
in
 tr
un
ca
te
d 
to
p 
of
 b
ur
ie
d 
du
ne
 fo
re
se
ts
 o
ve
rla
in
 b
y 
cu
rv
ili
ne
ar
 b
er
m
-
lik
e 
to
po
gr
ap
hi
c 
rid
ge
 w
ith
 lo
w
-a
ng
le
, b
i-d
ire
ct
io
na
l d
ip
s. 
 
C
le
an
 q
ua
rtz
os
e 
sa
nd
st
on
e 
fo
rm
in
g 
a 
lo
w
 to
po
gr
ap
hi
c 
be
rm
 w
ith
 a
 
br
oa
d 
cr
es
ce
nt
ric
 sh
ap
e 
(p
re
se
rv
ed
 la
cu
st
rin
e 
be
ac
h?
). 
 
20
 
SU
TL
22
68
 
 
 
O
SL
-8
1
25
°5
3.
66
6N
50
°0
2.
82
6E
 
“P
et
rif
ie
d”
 d
un
es
; r
em
na
nt
s o
f i
so
la
te
d,
 n
eb
kh
a-
lik
e 
fe
at
ur
es
 w
ith
 st
ee
p 
so
ut
he
rly
 d
ip
s. 
  
 
 
5
3. Methods 
 
3.1. Sample preparation 
  
All sample handling and preparation was conducted under safelight conditions in the 
SUERC luminescence dating laboratories. 
 
Each horizontally sampled tube was subsampled for luminescence measurement 
(~10 g), dosimetry (>100 g), and water content determinations (~100 g). The boxed 
travel dosimeter was subsampled for luminescence measurement only.  
 
Dosimetry subsamples were dried at 50 °C, and 100 g was weighed into HDPE pots 
for gamma spectrometry and 20 g was weighed into petri dishes for beta counting. 
The remainder was retained.  
 
With the object of separating sand-sized quartz grains from the bulk sediment, 
luminescence subsamples were wet sieved to obtain 150-250 µm grains, which were 
treated with 1 M HCl for 10 minutes, to dissolve carbonates, and 40% Hydrofluoric 
acid (HF) for 40 minutes, to dissolve less chemically resistant minerals with a similar 
density to quartz, and to etch the outer part of the quartz grains, which would have 
absorbed external alpha radiation during burial. The HF etched material was then 
treated with 1 M HCl for 10 minutes to dissolve any precipitated fluorides. This 
etched quartz material was dried at 50°C, and dispensed in ~5 mg aliquots onto the 
central part of 1 cm diameter, 0.25 mm thick stainless steel disks, using silicone oil 
for adhesion. 16 disks were made per sample. 
 
3.2. Measurements and determinations 
 
3.2.1. Dose rate measurements and determinations 
 
Dose rates were measured using Thick Source Beta Counting (TSBC) and High 
Resolution Gamma Spectrometry (HRGS). 20g of material was used for TSBC. For 
HRGS, 100g of material was sealed into HDPE pots (63mm internal diameter, 55mm 
depth) using epoxy resin and stored, to allow the daughters of any radon escaping 
from the samples to come into equilibrium, before measurement.  
 
HRGS measurements were performed using a 50% relative efficiency “n” type 
hyperpure Ge detector (EG&G Ortec Gamma-X) operated in a low background lead 
shield with a copper liner. Gamma ray spectra were recorded over the 30 keV to 
3 MeV range from each sample, interleaved with background measurements and 
measurements from Shap Granite in the same geometry. Counting times of between 
25 and 80 ks per sample were used. The spectra were analysed to determine count 
rates from the major line emissions from 40K (1461 keV), and from selected nuclides 
in the U decay series (234Th, 226Ra + 235U, 214Pb, 214Bi and 210Pb) and the Th decay 
series (228Ac, 212Pb, 208Tl) and their statistical counting uncertainties. Net rates and 
activity concentrations for each of these nuclides were determined relative to Shap 
Granite by weighted combination of the individual lines for each nuclide. The internal 
consistency of nuclide specific estimates for U and Th decay series nuclides was 
assessed relative to measurement precision, and weighted combinations used to 
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estimate mean activity concentrations (in Bq kg-1) and elemental concentrations (% K 
and ppm U, Th) for the parent activity. These data were used to determine infinite 
matrix dose rates for alpha, beta and gamma radiation.  
 
Beta dose rates were also measured directly using the SUERC TSBC system 
(Sanderson, 1988). Sample count rates were determined with six replicate 600 s 
counts for each sample, bracketed by background measurements and sensitivity 
determinations using the SUERC Shap Granite secondary reference material. Infinite-
matrix dose rates were calculated by scaling the net count rates of samples and 
reference material to the working beta dose rate of the Shap Granite (6.25±0.03 
mGy a-1). The estimated errors combine counting statistics, observed variance and the 
uncertainty on the reference value.  
 
Water content measurements were conducted on bulk material extracted from the 
sample tubes into 100 ml beakers. The samples were weighed at the time of extraction 
(field water content). Water was added until it was observed that the structure of the 
core broke down, and the samples weighed to obtain the saturated mass. They were 
then dried at 50°C and reweighed. After subtracting the mass of the beaker, “field”, 
and “saturated” values of water content were calculated as fractions of dry sediment 
mass. Note that to maintain bulk density, water content measurements are ideally 
made on material retained in the sampling tubes. However, given the size of these 
sampling tubes and the already loose sandy nature of most of the samples, the 
methodology outlined above was both more practicable and expected to yield 
sufficiently reliable results. 
 
The dose rate estimates were used in combination with the measured water contents, 
to determine the overall effective dose rates for age estimation. 
 
The cosmic dose rate is conventionally calculated rather than measured, without 
adjustment for sediment water content. The latitude, altitude and (sediment) depth 
dependencies of cosmic radiation, relevant to luminescence dating, are described by 
Prescott and Stephan (1982) and Prescott and Hutton (1988). In the present study, the 
latitude of each sample was approximated to the nearest degree, and altitude was 
approximated as 0.1 km for all. Surface cosmic dose rate was estimated using Prescott 
and Stephan (1982), Eqn. 1, with latitude dependent parameters read from Fig. 2. A 
representative value for the average burial depth of each sample since the 
luminescence signal was last zeroed, was estimated from depth at the time of 
sampling, geomorphological context, and approximate luminescence age. Depth was 
converted to mass-depth assuming sediment bulk density to be 1.6 g/cm3, and a fit to 
the dose rate vs. depth data of Prescott and Hutton (1988) was used to calculate the 
cosmic dose rate at that depth. Uncertainties were calculated as: 5% plus the 
difference between cosmic dose rate at the depth of sampling, and that at the 
estimated average burial depth. 
 
3.2.2. Luminescence measurements 
 
All measurements were conducted using Risø DA-15 automatic readers, equipped 
with 90Sr/90Y β-sources for irradiation, blue LEDs emitting around 470 nm and 
infrared (laser) diodes emitting around 830 nm for optical stimulation, and a U340 
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detection filter pack to detect in the region 270-380 nm, while cutting out stimulating 
light (Bøtter-Jensen et al., 2000).  
 
The discs of quartz grains from the tube samples were subjected to a single aliquot 
regeneration (SAR) sequence (Murray and Wintle, 2000). According to this 
procedure, the OSL signal level from an individual disc is calibrated to provide an 
absorbed dose estimate using an interpolated dose-response curve, constructed by 
regenerating OSL signals by irradiation in the laboratory. This estimate is termed the 
equivalent dose (De), since it is the laboratory dose producing an equivalent signal to 
that observed from the natural sample. Sensitivity changes which may occur as a 
result of readout, irradiation and preheating (to remove unstable radiation-induced 
signals) are monitored using small test doses after each regenerative dose. Each 
measurement is standardised to the test dose response determined immediately after 
its readout, thus compensating for observed changes in sensitivity during the 
laboratory measurement sequence.  
 
In a SAR sequence then, each disc is subject to a number of measurement cycles: 
Natural&Test (cycle 1), Regenerative&Test (cycle 2), Regenerative&Test (cycle 3), 
etc., where all that is varied is the regenerative dose. For the purposes of 
interpolation, the regenerative doses are chosen to encompass the likely value of the 
equivalent (natural) dose. A repeat dose point is included to check the ability of the 
SAR procedure to correct for laboratory-induced sensitivity changes, a zero dose 
point is included late in the sequence to check for recuperative signals, and a repeat 
point with infrared stimulation prior to the OSL measurement is included to check for 
non-quartz signal (“Recycling”, “Zero”, “IRRecycling”; Table 4.1). Quartz responds 
to blue light but generally not to infrared light, whereas other common minerals such 
as feldspars and zircon respond to both. Additionally, results may vary with the 
severity of the preheating employed: this is tested for by applying a range of preheats 
to different groups within the set of discs.  
 
In the present study 16 discs per sample were measured using 4 discs each at 4 
different preheats (Table 3.1). Regenerative doses of 0 to 15 Gy were applied to all 
samples (plus repeats etc.: cycles 1 to 9, Table 3.1) and the results checked without 
removing the discs from the readers. If a sample yielded discs with equivalent doses 
exceeding 12 Gy, then additional regenerative points would have been added to put at 
least two above the majority of the equivalent dose values, and an extra recycling 
point was measured after these. In the samples measured here, no samples exceeded 
12 Gy equivalent dose. 
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Table 3.1. Quartz Single Aliquot Regenerative Sequence 
 
Cycle: 1 2 3 4 5 6 7 8 9 
Aliquots Operation Details Natural
Linear-spaced low 
doses Zero Recycling 
IR 
Recycling
1-16 
Regenerative 
Dose "X" Gy 90Sr/90Y no 3 6 9 12 15 0 3 3 
1-4 Preheat 200°C for 30s yes yes yes yes yes yes yes yes yes 
4-8 Preheat 220°C for 30s yes yes yes yes yes yes yes yes yes 
9-12 Preheat 240°C for 30s yes yes yes yes yes yes yes yes yes 
13-16 Preheat 260°C for 30s yes yes yes yes yes yes yes yes yes 
1-16 Measurement IRSL 120s at 50°C no no no no no no no no yes 
1-16 Measurement OSL 60s at 125°C yes yes yes yes yes yes yes yes yes 
1-16 Test Dose "X" Gy 90Sr/90Y 1 1 1 1 1 1 1 1 1 
1-16 Test Preheat 160°C for 30s yes yes yes yes yes yes yes yes yes 
1-16 
Test  
Measurement OSL 60s at 125°C yes yes yes yes yes yes yes yes yes 
 
 
 
 
4. Results 
 
4.1. Dose rates 
 
HGRS results are shown in Table 4.1, both as activity concentrations (i.e. 
disintegrations per second per kilogram) and as equivalent parent element 
concentrations (in % and ppm), based in the case of U and Th on combining nuclide 
specific data assuming decay series equilibrium. K concentrations ranged from 0.33 to 
1.36 %, the mean was 0.77 ± 0.26%. U concentrations ranged from 0.10 to 1.09 ppm, 
the mean was 0.59 ± 0.24ppm. Th concentrations ranged from 0.57 to 2.68 ppm, the 
mean was 1.31 ± 0.50ppm. For comparison, “typical” values are 1 % K, 1 ppm U, and 
3 ppm Th (Adamiec and Aitken, 1998).  
 
The concentration ratio Th/U is also listed in Table 4.1, to indicate the relative 
contribution of Th and U to the samples’ dose rates. The “typical” context noted 
above has a concentration ratio of 3/1 (equivalent to an activity ratio of 1/1). Th/U for 
the present samples ranged from 1.45 to 6.30, with a mean value of 2.41 ± 0.93.  
 
Infinite matrix alpha, beta and gamma dose rates from HGRS are listed in Table 4.2, 
with beta dose rates from TSBC, and the ratio of beta dose rates from TSBC/HGRS. 
Alpha dose rate (HGRS) ranged from 0.75 to 4.67 mGy/a, the mean was 2.60 ± 
0.98 mGy/a. Gamma dose rate (HGRS) ranged from 0.13 to 0.49 mGy/a, the mean 
was 0.32 ± 0.09 mGy/a. Beta dose rate from HGRS ranged from 0.33 to 1.24 mGy/a, 
the mean was 0.76 ± 0.24 mGy/a. Beta dose rate from TSBC ranged from 0.35 to 
1.33 mGy/a, the mean was 0.84 ± 0.25 mGy/a.  
 
The mean ratio of beta dose rates from TSBC and HGRS was 1.12 ± 0.13, although 
the individual ratios were generally within 2σ of 1. The difference may result from 
differences in the radon retention conditions of each method. Whereas the HRGS 
measurements were conducted with sealed samples that had been stored for radon 
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equilibration, TSBC measurements were conducted in open geometry after drying the 
sample and would therefore not be expected to retain full equilibrium radon levels. To 
accommodate the range of likely sample conditions during burial, the average of the 
TSBC and HGRS values was used for the calculation of effective dose rates to the 
samples. 
 
Effective dose rates to the HF etched 200 µm quartz grains used for equivalent dose 
determination in the present study are listed in Table 4.3, with water content 
measurements and the assumed values used for calculation of effective dose rate. 
Etching removes the external alpha contribution to the dose rate (so these are not 
tabulated). Cosmic dose rates are as calculated (section 3.2.1), gamma dose rates are 
corrected for water content, while beta dose rates are corrected for etching and water 
content. 
 
Field water content, as a fraction of dry sediment mass, ranged from 0 to 0.18, the 
mean was 0.08 ± 0.06. Saturated water content ranged from 0.11 to 0.62, the mean 
was 0.27 ± 0.09. The field water contents were assumed to be low relative to the 
average the sample experienced during burial, such that the average value was most 
likely to lie between the measured field and saturated values. Assumed values for 
average water content during burial were estimated accordingly, and used for age 
determinations. These ranged from 0.05 to 0.34, the mean was 0.16 ± 0.06. 
 
Effective beta dose rate ranged from 0.22 to 0.91 mGy/a, the mean was 0.61 ± 
0.18 mGy/a. Effective gamma dose rate ranged from 0.10 to 0.40 mGy/a, the mean 
was 0.27 ± 0.08 mGy/a. Effective cosmic dose rate ranged from 0.13 to 0.27 mGy/a, 
the mean was 0.24 ± 0.04 mGy/a. On average, the beta contribution to overall dose 
rate was 55%, the gamma contribution was 24%, and the cosmic contribution was 
21%. 
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Table 4.1.   Activity and equivalent concentrations of K, U and Th, determined by HRGS 
 
Activity Concentrations 
(Bq kg-1) 
Equivalent Concentrations1,2 Sample 
SUTL 
K U Th K (%) U (ppm) Th (ppm) Th/U 
2237 122±7 6.9±0.3 4.1±0.3 0.39±0.02 0.55±0.02 1.01±0.07 1.84±0.14 
2238 257±5 6.1±0.1 4.9±0.1 0.83±0.02 0.49±0.01 1.22±0.03 2.49±0.08 
2239 206±8 7.4±0.3 4.1±0.3 0.67±0.03 0.60±0.02 1.02±0.07 1.70±0.13 
2240 138±7 4.4±0.2 2.3±0.3 0.45±0.02 0.36±0.02 0.57±0.07 1.58±0.23 
2241 117±6 4.6±0.3 3.2±0.3 0.38±0.02 0.37±0.02 0.80±0.08 2.16±0.25 
2242 102±9 3.9±0.5 2.9±0.6 0.33±0.03 0.31±0.04 0.71±0.15 2.29±0.57 
2243 231±7 7.3±0.2 4.7±0.2 0.75±0.02 0.59±0.02 1.17±0.05 1.98±0.11 
2244 360±6 9.4±0.2 6.6±0.1 1.17±0.02 0.76±0.01 1.62±0.03 2.14±0.05 
2245 347±10 7.3±0.3 7.5±0.3 1.12±0.03 0.59±0.02 1.86±0.07 3.14±0.16 
2246 180±10 13.4±0.7 9.0±0.6 0.58±0.03 1.09±0.06 2.23±0.15 2.05±0.18 
2247 213±11 6.3±0.5 4.5±0.5 0.69±0.03 0.51±0.04 1.11±0.13 2.16±0.30 
2248 308±13 8.2±0.5 7.9±0.6 1.00±0.04 0.66±0.04 1.95±0.15 2.95±0.29 
2249 219±8 12.0±0.4 5.7±0.3 0.71±0.03 0.97±0.03 1.41±0.08 1.46±0.09 
2250 243±8 4.4±0.3 3.2±0.3 0.79±0.03 0.36±0.02 0.78±0.07 2.17±0.23 
2251 179±8 4.9±0.3 4.5±0.3 0.58±0.03 0.39±0.02 1.10±0.07 2.80±0.23 
2252 295±13 8.9±0.6 5.3±0.6 0.96±0.04 0.72±0.05 1.32±0.14 1.83±0.23 
2253 156±6 4.7±0.2 3.4±0.2 0.51±0.02 0.38±0.01 0.84±0.04 2.21±0.12 
2254 188±7 6.7±0.3 5.3±0.3 0.61±0.02 0.55±0.02 1.31±0.07 2.39±0.16 
2255 162±11 11.7±0.7 6.8±0.6 0.52±0.04 0.95±0.05 1.67±0.15 1.76±0.18 
2256 231±7 7.2±0.2 4.7±0.3 0.75±0.02 0.58±0.02 1.17±0.07 2.02±0.14 
2257 222±11 9.8±0.6 6.0±0.6 0.72±0.04 0.79±0.05 1.48±0.14 1.87±0.21 
2258 237±11 8.1±0.6 6.3±0.6 0.77±0.04 0.66±0.05 1.56±0.15 2.36±0.29 
2259 210±11 7.1±0.5 4.7±0.6 0.68±0.03 0.57±0.04 1.16±0.14 2.02±0.28 
2260 228±9 11.0±0.4 10.9±0.3 0.74±0.03 0.89±0.03 2.68±0.08 3.00±0.14 
2261 281±5 11.8±0.2 7.5±0.1 0.91±0.02 0.96±0.01 1.84±0.02 1.92±0.03 
2262 313±13 5.3±0.5 4.8±0.6 1.01±0.04 0.43±0.04 1.18±0.14 2.77±0.42 
2263 288±12 4.5±0.5 3.2±0.5 0.93±0.04 0.37±0.04 0.78±0.13 2.13±0.42 
2264 344±13 7.3±0.5 5.1±0.6 1.11±0.04 0.59±0.04 1.26±0.14 2.14±0.28 
2265 363±10 11.7±0.4 7.7±0.3 1.17±0.03 0.95±0.03 1.90±0.08 2.00±0.11 
2266 299±7 3.5±0.2 3.3±0.2 0.97±0.02 0.28±0.01 0.81±0.05 2.89±0.21 
2267 422±10 4.9±0.3 7.4±0.3 1.36±0.03 0.39±0.02 1.82±0.08 4.67±0.32 
2268 110±7 1.3±0.2 2.5±0.3 0.36±0.02 0.10±0.02 0.63±0.07 6.01±1.37 
 
1 Conversion factors (based on OECD, 1994): 
40K :  309.26 Bq kg-1 %K-1 ;  238U : 12.34787 Bq kg-1 ppmU-1 ; 232 Th :  4.057174 Bq kg-1 ppmTh-1. 
 
2 Working values for Shap Granite: 
4.43±0.03%K, 12.00±0.06 ppm U, 28.5±0.26 ppm Th.  
40K: 1370±10 Bq kg-1, 238U: 148.17±7.4 Bq kg-1, 232Th: 115.6±1.05 Bq kg-1.  
Based on HRGS relative to CANMET and NBL standards (Sanderson, 1986). 
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Table 4.2. Infinite matrix dose rates determined by HRGS and TSBC 
 
Dry Infinite Matrix dose rates1 by HRGS 
(mGy a-1) 
TSBC 
(mGy a-1) 
Sample 
SUTL 
Dα (dry) Dβ (dry) Dγ (dry) Dβ (dry) 
TSBC/HRGS 
Beta ratio 
2237 2.28±0.08 0.44±0.02 0.211±0.007 0.352±0.037 0.80±0.09 
2238 2.26±0.03 0.80±0.01 0.319±0.004 0.912±0.043 1.14±0.06 
2239 2.42±0.09 0.67±0.02 0.281±0.008 0.879±0.043 1.31±0.08 
2240 1.41±0.07 0.44±0.02 0.178±0.007 0.507±0.039 1.15±0.10 
2241 1.62±0.08 0.39±0.02 0.174±0.007 0.376±0.027 0.96±0.08 
2242 1.40±0.15 0.34±0.02 0.153±0.011 0.361±0.027 1.06±0.10 
2243 2.50±0.06 0.74±0.02 0.308±0.006 1.007±0.044 1.36±0.07 
2244 3.30±0.04 1.12±0.02 0.451±0.005 1.155±0.045 1.03±0.04 
2245 3.01±0.09 1.07±0.03 0.434±0.009 1.087±0.045 1.02±0.05 
2246 4.67±0.19 0.71±0.03 0.380±0.013 0.801±0.042 1.13±0.08 
2247 2.24±0.15 0.68±0.03 0.282±0.012 0.764±0.041 1.12±0.08 
2248 3.27±0.17 0.97±0.03 0.416±0.014 1.065±0.045 1.10±0.06 
2249 3.75±0.11 0.77±0.02 0.355±0.008 0.779±0.042 1.01±0.06 
2250 1.57±0.08 0.73±0.02 0.270±0.008 0.753±0.041 1.03±0.06 
2251 1.91±0.08 0.57±0.02 0.242±0.008 0.771±0.042 1.35±0.09 
2252 2.97±0.17 0.94±0.03 0.380±0.013 1.041±0.044 1.11±0.06 
2253 1.67±0.05 0.50±0.02 0.209±0.005 0.613±0.040 1.23±0.09 
2254 2.48±0.08 0.62±0.02 0.277±0.007 0.857±0.042 1.38±0.08 
2255 3.87±0.19 0.62±0.03 0.321±0.013 0.718±0.041 1.16±0.09 
2256 2.47±0.07 0.74±0.02 0.307±0.007 0.824±0.031 1.11±0.05 
2257 3.29±0.17 0.75±0.03 0.340±0.012 0.933±0.043 1.24±0.08 
2258 2.99±0.17 0.78±0.03 0.341±0.013 0.888±0.031 1.14±0.06 
2259 2.44±0.16 0.68±0.03 0.288±0.012 0.715±0.041 1.05±0.08 
2260 4.46±0.11 0.82±0.02 0.418±0.009 0.983±0.044 1.20±0.06 
2261 4.02±0.04 0.95±0.01 0.423±0.004 0.914±0.043 0.96±0.05 
2262 2.06±0.16 0.94±0.03 0.353±0.012 0.985±0.044 1.05±0.06 
2263 1.60±0.15 0.85±0.03 0.307±0.013 0.862±0.042 1.01±0.06 
2264 2.56±0.16 1.04±0.04 0.400±0.013 1.069±0.045 1.03±0.06 
2265 4.05±0.11 1.17±0.03 0.490±0.010 1.325±0.047 1.13±0.05 
2266 1.38±0.05 0.87±0.02 0.307±0.006 1.022±0.044 1.17±0.06 
2267 2.44±0.08 1.24±0.03 0.468±0.009 1.221±0.046 0.98±0.04 
2268 0.75±0.07 0.33±0.02 0.130±0.007 0.387±0.038 1.17±0.14 
 
1 Based on Dose Rate conversion factors from Aitken, 1983. 
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Table 4.3. Water contents and effective dose rates 
 
Water Content Effective dose rates (mGy a-1) Sample 
SUTL FW 
% 
SW 
% 
Assumed 
% 
Beta1 Gamma2 Cosmic3 Total 
2237 0.3 16.5 7.6±2.7 0.33±0.04 0.194±0.008 0.269±0.023 0.79±0.04 
2238 1.8 21.1 10.4±2.9 0.69±0.04 0.286±0.009 0.208±0.033 1.19±0.05 
2239 1.1 21.0 10.0±3.0 0.63±0.04 0.253±0.010 0.139±0.046 1.02±0.06 
2240 8.1 35.3 19.9±3.4 0.35±0.03 0.146±0.007 0.268±0.026 0.76±0.04 
2241 7.7 44.5 23.9±4.0 0.27±0.02 0.138±0.007 0.201±0.032 0.61±0.04 
2242 12.7 62.3 34.4±4.7 0.22±0.03 0.111±0.009 0.248±0.033 0.58±0.04 
2243 2.6 27.9 13.9±3.4 0.68±0.04 0.267±0.010 0.259±0.029 1.21±0.05 
2244 1.8 31.4 15.0±3.6 0.89±0.05 0.391±0.014 0.185±0.031 1.47±0.06 
2245 11.9 23.1 16.3±2.1 0.82±0.04 0.367±0.010 0.218±0.035 1.41±0.06 
2246 5.7 24.9 14.0±2.9 0.58±0.04 0.329±0.014 0.268±0.024 1.17±0.05 
2247 0.3 25.0 11.4±3.3 0.58±0.05 0.250±0.013 0.269±0.023 1.10±0.05 
2248 11.4 23.2 16.2±2.2 0.78±0.05 0.353±0.014 0.249±0.034 1.38±0.06 
2249 11.8 27.1 18.1±2.5 0.57±0.04 0.296±0.010 0.274±0.020 1.14±0.04 
2250 14.3 19.7 16.0±1.3 0.57±0.04 0.230±0.007 0.219±0.035 1.02±0.05 
2251 8.0 23.4 14.5±2.6 0.52±0.04 0.208±0.008 0.232±0.036 0.96±0.05 
2252 8.7 26.5 16.3±2.8 0.74±0.05 0.322±0.014 0.248±0.034 1.31±0.06 
2253 2.3 23.8 11.9±3.1 0.44±0.04 0.184±0.007 0.257±0.030 0.88±0.05 
2254 3.2 25.4 13.0±3.1 0.58±0.04 0.242±0.010 0.263±0.027 1.09±0.05 
2255 11.4 26.3 17.5±2.5 0.50±0.04 0.269±0.013 0.240±0.036 1.01±0.06 
2256 18.5 26.1 21.0±1.6 0.57±0.03 0.249±0.006 0.229±0.036 1.04±0.05 
2257 7.3 26.4 15.5±2.9 0.64±0.04 0.290±0.013 0.262±0.028 1.19±0.05 
2258 1.5 11.0 5.7±2.0 0.72±0.05 0.320±0.014 0.244±0.035 1.29±0.06 
2259 1.2 27.9 13.2±3.5 0.55±0.04 0.252±0.013 0.194±0.031 0.99±0.06 
2260 3.0 23.2 12.0±3.0 0.71±0.05 0.369±0.013 0.125±0.047 1.20±0.07 
2261 2.1 20.9 10.5±2.9 0.75±0.04 0.379±0.012 0.262±0.028 1.39±0.05 
2262 16.4 25.5 19.7±1.8 0.71±0.04 0.290±0.012 0.239±0.036 1.24±0.06 
2263 5.1 22.6 12.7±2.8 0.68±0.05 0.269±0.013 0.245±0.035 1.19±0.06 
2264 18.1 24.8 20.2±1.5 0.78±0.04 0.327±0.012 0.230±0.036 1.33±0.06 
2265 18.3 24.3 20.0±1.3 0.91±0.04 0.401±0.009 0.268±0.024 1.58±0.05 
2266 10.6 28.5 18.1±2.7 0.71±0.04 0.256±0.008 0.239±0.036 1.21±0.06 
2267 10.9 30.7 19.2±2.9 0.91±0.05 0.386±0.013 0.257±0.030 1.56±0.06 
2268 11.0 47.0 26.7±4.0 0.25±0.03 0.100±0.006 0.268±0.026 0.62±0.04 
 
1 Calculated using the average of the infinite beta dose rates measured using HRGS and TSBC:  
   effective beta dose rate = (1-φ)*infinite beta dose rate/(1+1.25*water content).  
   φ is the absorbed dose fraction in a 200 micron silicate grain weighted by the U, Th and K 
   concentrations determined by HRGS (Mejdahl, 1979). 
2 Effective gamma dose rate = infinite gamma dose rate/(1+1.14*water content). 
   For the energies found in a typical sedimentary matrix, water absorbs approximately 1.25 times 
   more beta, and 1.14 times more gamma radiation per unit mass than do silicates (Aitken, 1985). 
3 Calculated from latitude, altitude, and estimated average depth during burial, using the data of 
   Prescott and Stephan (1982) and Prescott and Hutton (1988). 
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4.2. Single aliquot equivalent dose determinations 
 
Sample averaged values relating to the aliquots and measurements used for equivalent 
dose determination are listed in Table 4.4. 
 
The average sensitivity of the OSL signal from these samples to radiation ranged from 
33 to 437 cps/Gy, the mean was 176 ± 108 cps/Gy. With repeated SAR measurement 
cycles, this sensitivity changed to between 0.26 and 1.9 times the starting values, the 
mean being 0.9 ± 0.3 times. With respect to the internal checks on SAR performance: 
average recycling ratio for each sample ranged between 0.95 and 1.93, with a mean of 
1.14 ± 0.17, and the effect of IRSL exposure on this ratio was to produce a range of 0 
to 29%, with a mean of 8 ± 8%.  
 
For equivalent dose determination, data from single aliquot regenerative dose 
measurements were analysed using the Risø TL/OSL Viewer programme to export 
integrated summary files that were analysed in MS Excel and SigmaPlot. Dose 
response curves for each of the four pre-heating temperature groups and the combined 
data were determined using a fit to a saturating exponential function in the first 
instance. Where the exponential fit was poorly constrained a linear fit was used. 
Values of De were determined for each group of disks and each individual disk. 
 
Arithmetic mean De values are listed for each sample in Table 4.4, with the estimated 
uncertainty on the mean value (standard deviation divided by the square root of the 
number of disks), and the standard deviation of the dataset. The mean De values range 
from –0.48 to 10.75 Gy, although the average is 1.5 ± 2.8 Gy. However, examination 
of the distributions of results from individual aliquots indicated that some of the mean 
values were affected by scatter in the data and some data with poor precision. 
Weighted means are given that reduce the influence of low precision data points. 
These range from –0.01 to 8.86Gy with an average of 1.2±2.3 Gy. Robust mean De 
data generated using Huber’s estimate 2 (H15) using the Royal Society of Chemistry 
robust statistics toolkit for MS Excel (Ellison 2002). These range from –0.06 to 
10.61 Gy with an average of 1.5±2.7 Gy. 
 
The selection of an appropriate best estimate for De was made on a case by case basis, 
by examining plots of De for each disk in the data sets. The comment column in Table 
4.4 indicates the basis of the decision in each case. In several cases, one of the means 
calculated was strongly influenced by either low precision data points or outliers. In 
instances where there was a clearly defined group of discs with the same De, 
especially where these had good precision, with some outliers the De for the grouping 
is given.  
 
Sample SUTL2268 generated signals with very low sensitivity, resulting in very poor 
reproducibility in response to the test dose. The OSL measurements were repeated 
twice, yet only five discs from all three data sets produced data that could be used for 
estimating the age.
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4.3. Age estimates 
 
Listed in Table 4.5 are the sums of the effective beta, gamma and cosmic dose rates 
and the best estimate mean equivalent dose values. Age values were calculated as 
equivalent dose divided by dose rate, and converted to calendar dates.  
 
Dose rate ranges from 0.58 to 1.58 mGy/a, the average is 1.12 ± 0.26mGy/a. De 
values range from 0.00 to 10.7 Gy, the average is 1.5 Gy ± 2.8. Age estimates for 
these samples range from 0.0 to 7.6 ka, with an average of 1.4 ± 2.2 ka. Percentage 
uncertainty is very high (>40%) for age estimates close to zero, for the remainder 
uncertainties are 7 - 25. The main source of age uncertainty at this level of precision 
lies with the OSL determination of equivalent dose. For well bleached samples it is 
possible that this could be improved to the limits of dose rate uncertainty (typically 5-
10%) by utilising larger numbers of aliquots, or by using larger sized aliquots. The 
dose rate uncertainties themselves are limited by the uncertainty of past water content 
determination, and for the lowest dose rate samples (eg below 0.5 mGy/a) by the 
signal to background ratios of the beta and gamma spectrometry systems used. 
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Table 4.5. Dose rates, equivalent doses, ages and calendar dates 
 
Sample 
SUTL Field 
Total Dose 
Rate 
(mGy a-1) 
Equivalent 
Dose 
(Gy) 
Age 
(ka) 
% error Calender Date 
2237 OSL-21 0.79±0.04 0.33±0.05 0.41±0.07 17 1600±70 AD 
2238 OSL-22 1.19±0.05 0.31±0.05 0.26±0.04 15 1750±40 AD 
2239 OSL-23 1.02±0.06 Below measurement limit 
2240 OSL-24 0.76±0.04 0.56±0.14 0.74±0.19 25 1275±190 AD 
2241 OSL-25 0.61±0.04 0.12±0.09 0.20±0.15 75 1800±150 AD 
2242 OSL-26 0.58±0.04 Below measurement limit 
2243 OSL-28 1.21±0.05 0.07±0.03 0.06±0.03 50 1950±25 AD 
2244 OSL-29 1.47±0.06 0.16±0.08 0.11±0.05 50 1900±55 AD 
2245 OSL-30 1.41±0.06 10.70±0.70 7.61±0.58 8 5600±580 BC 
2246 OSL-31 1.17±0.05 0.05±0.02 0.04±0.02 50 1965±20 AD 
2247 OSL-36 1.10±0.05 6.26±033 5.71±0.41 7 3700±410 BC 
2248 OSL-37 1.38±0.06 0.22±0.14 0.16±0.10 63 1850±100 AD 
2249 OSL-38 1.14±0.04 Below measurement limit 
2250 OSL-40 1.02±0.05 1.64±0.29 1.61±0.30 19 395±300 AD 
2251 OSL-41 0.96±0.05 0.74±0.11 0.77±0.12 16 1240±120 AD 
2252 OSL-42 1.31±0.06 1.23±0.08 0.94±0.07 7 1070±75 AD 
2253 OSL-43 0.88±0.05 0.90±0.16 1.02±0.19 19 990±190 AD 
2254 OSL-44 1.09±0.05 0.04±0.02 0.04±0.02 50 1970±20 AD 
2255 OSL-46 1.01±0.06 0.99±0.18 0.98±0.19 19 1025±185 AD 
2256 OSL-47 1.04±0.05 0.10±0.09 0.10±0.09 90 1915±85 AD 
2257 OSL-48 1.19±0.05 Below measurement limit 
2258 OSL-49 1.29±0.06 7.39±0.49 5.74±0.47 8 3700±470 BC 
2259 OSL-51 0.99±0.06 2.43±0.20 2.45±0.25 10 440±250 BC 
2260 OSL-53 1.20±0.07 0.70±0.05 0.58±0.05 9 1425±55 AD 
2261 OSL-55 1.39±0.05 8.58±0.61 6.17±0.50 8 4150±500 BC 
2262 OSL-59 1.24±0.06 0.07±0.02 0.05±0.02 40 1955±20 AD 
2263 OSL-61 1.19±0.06 1.50±0.17 1.25±0.15 12 750±150 AD 
2264 OSL-64 1.33±0.06 Below measurement limit 
2265 OSL-64 1.58±0.05 0.83±0.08 0.53±0.05 9 1480±50 AD 
2266 OSL-77 1.21±0.06 Below measurement limit 
2267 OSL-78 1.56±0.06 Below measurement limit 
2268 OSL-81 0.62±0.04 0.51±0.12 0.83±0.21 25 1180±200 AD 
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5. Discussion 
 
A number of points noted in the Methods and Results sections merit further 
discussion (sections 3 and 4 respectively).  
 
5.1. Dosimetry  
 
Radionuclide concentrations in general were lower than is commonly observed, 
reflecting the low activity nature of the quartz rich Aeolian sands that form the basis 
for most of the sediments in the present study. They do not appear to relate strongly to 
geographical location, and probably depend more strongly on a sample’s source 
material and depositional context. U and Th readily adsorb onto clays, so U and Th 
activity is likely to broadly correlate with clay content.  
 
 
5.2. Equivalent dose determination 
 
Of the 32 samples processed, 7 samples (SUTL2239, 2242, 2249, 2257, 2264, 2266 
and 2267) had no measurable natural signal and correspond to modern samples. 7 
samples (SUTL2241, 2243, 2244, 2246, 2254, 2256, 2262) had an equivalent dose 
less than 0.2Gy, with >50% uncertainty. A further 3 samples (SUTL2237, 2238, 
2248) had equivalent doses between 0.2 and 0.5Gy, with 15-50% uncertainty. 7 
samples (SUTL2240, 2251, 2253, 2255, 2260 and 2268) had equivalent doses of 
between 0.5 and 1.0Gy, and 8 samples (SUTL2245, 2247, 2250, 2252, 2258, 2259, 
2261 and 2263) had equivalent doses greater than 1Gy. 
 
In the earlier work (Burbidge et al 2007), a similar proportion of the samples had low 
equivalent doses (below 0.2Gy) as in the current work. In that work, a much larger 
proportion of the samples had equivalent doses above 1Gy, with 9 samples in the 
earlier work with equivalent doses greater than the maximum observed in this work. 
 
5.3. Ages 
 
Grouping the samples in geographical locations: 
 
1/ Low rolling dunes (SUTL2237-2239; OSL-21, OSL-22, OSL-23) at 26°04.14N, 
49°53.10E. These samples show an inverted apparent age sequence. The lowest 
sample (SUTL2239) from 20cm above the base bed has no measurable natural OSL 
signal, and appears to be modern. SUTL2237, from just below the bioturbation layer, 
has an OSL date of 1600±70AD. SUTL2238, which should be the youngest sample 
from the top of the cross bed sands 1m below the surface, has an OSL date of 
1750±40AD although a significant number of discs had a larger stored dose estimate. 
 
2/ Petrified dune (SUTL22240-2242; OSL-24, OSL-25, OSL-26) at 25°52.68N, 
50°01.39E. The sample taken from the indurated sand at the top of the dune 
(SUTL2242) has no measurable natural OSL signal, and is modern, though a small 
number of disks had equivalent doses of 1±1Gy suggesting that the sample could 
include a small amount of older material. The sample taken from the white sand at the 
back of the dune (SUTL2241) has a small natural OSL signal, with low precision, 
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corresponding to an age of 200±150 years. The other sample taken nearby 
(SUTL2240) has a larger natural OSL signal with a corresponding age of 720±180 
years. 
 
3/ Barchan dune (SUTL2243, OSL-28) at 25°53.01N, 50°00.64E. This sample has a 
very small natural OSL signal with a corresponding age of 60±30 years. A single disk 
had a larger equivalent dose of 1.1±0.6Gy, suggesting that the sample could include a 
small amount of older material. 
 
4/ Back of sabkha (SUTL2244, OSL-29) at 25°57.47N, 49°59.66E. This sample has a 
small natural OSL signal with a corresponding age of 100±50 years. Two disks had 
equivalent doses of 1.2±1.0Gy, suggesting that the sample could include a small 
amount of older material. 
 
5/ Sabkha (SUTL2245-2246; OSL-30, OSL-31) at 25°57.33N, 50°01.33E. The 
sample from the top section just above the base of the white sand (SUTL2246) has a 
very small natural OSL signal with a corresponding age of 40±20 years. The sample 
from below the gypsum layer (SUTL2245) has a very large natural OSL signal with a 
corresponding age of 7.6±0.6ka.  
 
6/ Old shoreline (SUTL2247, OSL-36) at 25°48.85N, 50°07.10E. The sample here 
has a larger natural OSL signal with a corresponding age of 5.7±0.4ka. One disk had 
an equivalent dose of 10.8±0.3Gy, suggesting that the sample could include a small 
amount of older material. 
 
7/ Sabkha (SUTL2248-2249; OSL-37, OSL-38) at 25°46.15N, 50°09.55E. The 
surface sabkha sediment (SUTL2249) has no measurable natural OSL signal, and is 
modern. The underlying dune sands (SUTL2248) had a small natural OSL signal with 
a corresponding age of 160±100 years. 
 
8/ Sabkha (SUTL2250-2253; OSL-40, OSL-41, OSL-42, OSL-43) at 25°46.69N, 
50°08.08E. The top sample from sand below the sabkha sediment (SUTL2253) 
produced insufficient 150-250µm quartz grains for dating. Samples from the rippled 
sand (SUTL2253), low-angled laminated sand (SUTL2252) and slumped sand 
(SUTL2251) produced large natural OSL signals with ages of 1020±190 years, 
940±70 years and 770±120 years respectively. It’s noted that these are in an inverted 
order with the oldest sample higher in the section, though within 2σ the ages are the 
same. The lowest sample from the high-angle cross bed sand (SUTL2250) has a larger 
natural OSL signal with a corresponding age of 1.6±0.3ka. 
 
9/ Sabkha (SUTL2254-2255; OSL-44, OSL-46) at 25°46.41N, 50°06.68E. The upper 
sabkha layer has a very small natural OSL signal with a corresponding age of 
40±20years. The lower sabkha layer beneath the gypsum layer has a much larger 
natural OSL signal and corresponding age of 980±190 years. 
 
10/ Sabkha sediments (SUTL2256-2257; OSL-47, OSL-48) at 25°46.09N, 50°06.45E. 
The sample from the upper interval (SUTL2257) has no measurable natural OSL 
signal, and is modern. The sample from the lower interval (SUTL2256) has a small, 
very low precision, natural OSL signal and a corresponding age of 100±90 years, with 
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one disk with an equivalent dose of 6±3Gy suggesting that the sample could include a 
small amount of older material. 
 
11/ Low hill (SUTL2258-2259; OSL-49, OSL-51) at 25°58.25N, 50°00.93E. 
 
12/ Low rolling dune (SUTL2260, OSL-53) at 25°51.86N, 50°05.59E. The sample 
from moderately rooted sand 50cm above the bed rock has a moderate natural OSL 
signal and a corresponding age of 580±55 years. Six of the discs had low precision 
equivalent dose measurements of 3-6Gy, suggesting that the sample could include a 
small amount of older material. 
 
13/ Excavation next to new road (SUTL2261, OSL-55) at 25°48.97N, 50°03.35E. 
This sample has a very large natural OSL signal, corresponding to an age of 
6.2±0.5ka. 
 
14/ Small sabkha (SUTL2262, OSL-59) at 25°44.33N, 49°58.37E. This sample has a 
very small natural OSL signal, corresponding to an age of 50±20 years. 
 
15/ Large sabkha (SUTL2263, OSL-61) at 25°41.10N, 49°52.54E. This sample had a 
large natural OSL signal, corresponding to an age of 1.25±0.15ka. 
 
16/ Large sabkha near Hofuf river (SUTL2264, OSL-64) at 25°41.36N, 49°43.65E. 
This sample had no measurable natural OSL signal, and is modern. 
 
17/ Small sabkha (SUTL2265, OSL-64) at 25°41.42N, 49°49.96E. This sample had a 
moderate natural OSL signal corresponding to an age of 530±50 years. 
 
18/ Truncated top of buried dune (SUTL2266-2267; OSL-77, OSL-78) at 25°48.01N, 
49°46.79E. Both the samples from this site had no measurable natural OSL signal, 
and are modern. 
 
19/ Petrified dune (SUTL2268, OSL-81) at 25°53.67N, 50°02.83E. This sample had 
very low OSL sensitivity, and very few of the dispensed disks produced usable data. 
Thus, although the more sensitive disks produced a moderate natural OSL signal the 
age of 830±210 years has significant uncertainties. 
 
The sabkha and shoreline samples show ages ranging from very modern (with no 
measurable OSL signal) to 7.6ka. In the previous work, the youngest age for a sabkha 
measured was 3.3±0.5ka, although some younger dates were determined for sands 
encroaching onto the sabkhas. The area of this study appears to have some sabkhas 
that are significantly younger than observed in the earlier work. 
 
Two petrified dunes were sampled in this work. One (SUTL2268) produced a low 
precision OSL date of 830±210 years. The other showed very modern (with no 
measurable OSL signal) for the indurated sand at the top and an age of 200±150 years 
for the sand at the back of the dune, and an age of 720±180 years for another sample 
from nearby. In the previous work, relic dunes and foresets were sampled with ages 
from 0.5 to 13ka. One of the dated petrified dunes in this study appears to be much 
younger than these, with the other consistent with the youngest end of this age range. 
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The samples from low-rolling dunes in this study have ages between very modern and 
580 years. The barchan dune sample had an age of 60±30 years, similar to ages for 
barchan dunes sampled in the earlier work. Samples from a low hill had ages of 
2.5±0.3 and 5.7±0.5 ka. A buried dune was sampled, producing no measurable natural 
OSL signal. 
 
In the earlier work (Burbidge et al 2007), dates obtained from 35 OSL measurements 
were related to sea-level and climatic variations in the Arabian peninsula. The data 
reported here can be incorporated into a similar analysis, yielding additional 
information about the impact of past climatic conditions on the environment of the 
Arabian peninsula. 
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Appendix A. Photographic record of sampling with field notes (by Steven 
Franks) 
 
 
OSL-22 (SUTL2238). 26°04.141N, 49°53.098E. Top of cross-bedded dune sand 
 
 
OSL-23 (SUTL2239). 26°04.141N, 49°53.098E. Low-angle tangential cross-bedded 
sand, 20cm above base bed. 
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OSL-25 (SUTL2241). 25°52.684N, 50°01.385E. Petrified dune. 80cm above the base 
at the back of the dune. 
 
 
OSL-26 (SUTL2242). 25°52.684N, 50°01.385E. Petrified dune. Indurated sand from 
the top of the dune near the front. 
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OSL-28 (SUTL2243). 25°53.005N, 50°00.639E. Barchan dune 
 
 
OSL-28 (SUTL2243). 25°53.005N, 50°00.639E. Shallow trench on top of the back of 
barchan dune. 
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OSL-29 (SUTL2244). 25°57.468N, 49°59.658E. Back of sabkha 
 
 
OSL-29 (SUTL2244). 25°57.468N, 49°59.658E. Pit ~2m above sabkha surface 
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OSL-30 (SUTL2245). 25°57.328N, 50°01.333E. 76cm below sabkha surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OSL-31 (SUTL2246). 
25°57.328N, 50°01.333E. 
10cm below sabkha surface, 
just above base of white sand. 
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OSL-36 (SUTL2247). 25°48.845N, 50°07.098E. Old shoreline, trench on eastern 
slope. 
 
 
OSL-36 (SUTL2247). 25°48.845N, 50°07.098E. Crudely layered sand with thick 
white sand layer at top. 
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OSL-37 (SUTL2248) and OSL-38 (SUTL2249). 25°46.145N, 50°09.551E. Cross 
bedded dune sand consisting of an alternation of light and dark laminae (OSL-37), 
with 10cm of sabkha sediment overlay (OSL-38).  
 
 
OSL-40 to OSL-43 (SUTL2250-2253). 25°46.685N, 50°08.075E. 8cm sabkha 
sediment overlaying 13cm ripple sand (OSL-43, top), 12cm low-angle laminated sand 
(OSL-42), 16cm slumped sand (OSL-41) and 40cm high-angle cross-bedded sand 
(OSL-40, bottom). 
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OSL-44 (SUTL2254) and 
OSL-46 (SUTL2255). 
25°46.410N, 50°06.681E. 
13cm of sabkha course light 
coloured sand overlaying 10cm 
of finely laminated darker sand 
sabkha (OSL-46, top), 9cm of 
gypsum sand and 44cm of 
sabkha sediment (OSL-44, 
bottom). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OSL-47 (SUTL2256) and 
OSL-48 (SUTL2257). 
25°46.092N, 50°05.450E. 
Upper sabkha sediment (OSL-
48) with lower, locally strong 
soft sediment deformation 
(OSL-47) 
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OSL-49 (SUTL2258) and OSL-51 (SUTL2259). 25°58.248N, 50°00.925E. Slope of a 
low hill. 76cm of crudely bedded sand (OSL-49) overlaying 27cm sand bed with 
small scale trough cross-bedding and 134cm of large scale cross-bedding (OSL-51). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OSL-51 (SUTL2259). 
25°58.248N, 50°00.925E. 
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OSL-53 (SUTL2260). 
25°51.863N, 50°05.586E. Low 
rolling dunes of circa 10m 
thickness developed on bed 
rock.  
 
 
OSL-53 (SUTL2260). 25°51.863N, 50°05.586E. Sample from moderately rooted sand 
with subhorizontal lamination, approximately 50cm above bed rock (9.5m below dune 
top). 
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OSL-55 (SUTL2261). 
25°48.967N, 50°03.353E. 
Horizontally laminated sand 
with bioturbated sand overlay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OSL-59 (SUTL2262). 
25°44.326N, 49°58.365E. 
Small sabkha in area of low 
rolling dunes. Boundary at 
20cm depth separating thinner 
laminated sand, and thicker 
laminated sand below. Sample 
from thicker laminated sand at 
40cm. 
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OSL-61 (SUTL2263). 25°41.104N, 49°52.537E. Large sabkha with thick halite 
surface crust. 
 
 
OSL-61 (SUTL2263). 25°41.104N, 49°52.537E. Section shows 21cm darker sand 
(top), 8 cm of lighter sand, 2cm gypsum layer and 12cm indurated layer. Sample at 
33cm from indurated layer. 
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OSL-64 (SUTL2264). 
25°41.360N, 49°43.647E. 
Large sabkha near Hofuf river. 
10cm dark sand with black 
lens over 15cm gypsiferous 
sand and 53cm of slightly 
wavy sand. Sample from 
slightly wavy sand at 53cm. 
 
 
OSL-64 (SUTL2265). 25°41.419N, 49°49.964E. Small sabkha (may have been dug) 
in area of low rolling dunes. 7cm horizontally laminated crinkly light brown sand 
over 7cm sand with grey to dark and light brown colours and 26cm sand with black 
fill. Sample from horizontally laminated sand at 10cm depth. 
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